.- 1 - N trogen-doped carbon nanotubes with nmetal nanoparticles The
invention relates to nitrogen-doped carbdm nanot ubes (NCNTs) which
are | oaded on their surface with netal nanoparticles, and al so a
process for producing 5them and their use as catal yst. Carbon

nanot ubes hawnitrogandgped tfiboy nanoibes vithhaeal alkhdpAticies the art at

| east since they were described in 1991 by lijima (S. lijim, Nature
354, 56-58, 1991). The term carbon nanotubes has since then
enconpassed i I : i Sl d b .

i aneror i n (he RO, AR5 FRGRELANRY SREGERAIBRCIVENT hich are
mul tipl e of adadeéantthdi® soffadcchwittimetelt @mopdititles.t dver aled arpacdess ifst prodwding
t hese cargon nano es is layers of ordered carbon atons, with the
carbon nanot HEs2 @g Fé@?ﬁsﬁﬁﬁyﬂg a core having a di f f er ent

nor phol ogy. Synonyns for carbon nanotubes are, for exanple, "carbon
fibrils" or "hollow carbon fibers" or "carbon banboos” or (in the
case of 15wodladatranctubeekjve beam gemaraly lsiovor to'theseckdladsh theQut atdedsosince

bre of i naustiparap dperiban b B RESAIS et O hnn P e 1R tom
Further inpogh®bh nRAGEHA ﬁdstsirﬁé tﬁé@eﬂcﬂn@hﬁ@& rcgﬁkﬁ‘lcﬁﬂgocﬁ@seécgﬁpnsmg carbon

applications since they generally have a 20 speci f
conduct i V9t y anthhaving aphamster indhdange ér091 3it;n 8@ hen almlrarﬂeogthcdmglmaﬂa paltiple

aavant ageous “hoirngy St aRGieb PR RainReBii Stipatq farbon nanotubes i

abovenent i onegefy @@@Hbﬂe&&afwnaamhgrmﬂh eitgédiborehanotubes g‘eherhﬁy hh\lﬁﬁg\ﬂasdére
possi bl e to dope these carbon nanot ubes Wit h het er oat ons,

mai n 25gr oup hayips 2( differgnh sparpkelosy. YHgayms f@ruearh@n ph@fpbeéc%sfor ¢rample,
produci ng t haczﬁg&p ?gnﬁagﬁt "I'ngw carb%?lnﬁl%é}y Xr 1@}%@5 ofr CHn the case of
produci ng ni tfFogen-doped car nanot ubes are based on the

convent i ofial wonedsehdtors)reiahedeolfsdor thasrilsal car bon nanot ubes, for
exanpl e 30el ectric arc processes, |aser ablation processes and

catal ytic processes.

Owing to their dimensions and particular properties, these carbon nanotubes are of

industrial importance for the production of composites. Further important
possibilities are in electronic and energy applications since they generally have a
20 higher specific conductivity than graphitic carbon, e.g. in the form of conductive
carbon black. The use of carbon nanotubes is particularly advantageous when they

are very uniform in respect of the abovementioned properties (diameter, length, etc.).

It is likewise possible to dope these carbon nanotubes with heteroatoms, e.g. of main
25  group five (for instance nitrogen), during the process for producing the carbon

nanotubes.

Generally known methods for producing nitrogen-doped carbon nanotubes are based
on the conventional production methods for classical carbon nanotubes, for example

30  electric arc processes, laser ablation processes and catalytic processes.

Electric arc and laser ablation processes are, inter alia, characterized in that carbon

black, amorphous carbon and fibers having high diameters are formed as by-products



.- 2 - in these production processes, so that the resulting carbon
nanot ubes usually have to be subjected réztonplicated after-treatnment
steps, which nmakes the products obtained fromthese processes and

t hus these processes econom cally unattractive. 5 On the other hand,
cat al yti c pr e dsseprodiétton pdvasesage that dre resdtontabén paratubes ivsmllyfhave to

car bon nanot ubes since a product _having a high quality y be able to
be produced i%ﬁ S&‘BS‘E}G‘EF%?‘HnlﬂlfaWéé‘#&f'HFat{q%%%elﬁr 8@@%68 ﬁ%d%{f’fim phtained

process of thy I i i Qi S ival S
i sol osed i n TED BEEBobDsE B bl s SR PR e Fer e

enconpasses, in particular, an advantageous node of operation of the

fluidized_bed b ans of whjch carbon not ubes can be pr.oduced ..
cont | noudl'y Qi 6 O Bt R BIRC RO SIo L Eh EON ) GRos i cauBHEH gEogetion of
product. It icirbboh kaMbtaBeshise @ﬁl%qu&theawﬂg@h@h%hﬁtpgnwwﬁb1elt§ b peshuced
can conprise heteroatons. Use of starting nmaterials which would

result in nitirgemhyieBdopheansof thesepwaessen nanot ubes is not di scl osed.

A simlar process for the targeted, advantageous production of
ni trogen- doped carbon nanot ubes (NCNTs) is disclosed in WO

2009/ 080204. A Bat¥rie BRVeOB0Mis tiybe,iif paitala0s athidiBed-bédBrocess, is disclosed in
ni trogen- doped carbon nanot ubes (NCNTs) produced by neans 20 of the

process édn £ 19 20k 6P AL Higerrosgss disslased theye engpminapsesy infrarticular, an
producing th resid . ca Sk. : rial e
nanoparti cl egaa,&-{%r%glgseglsﬁ o#egtfgélé)%u%ﬁh)él %lgg?ng bg? btyﬁ%%?ﬁ?st ng‘;é“ﬁé.hdg%‘é%r’

car bon nanot uagsudyCNRS be ippodirtd doatthwsel. whihcairddngiohoof fresipaaBss and
described in WO 2009/ 080204, rempval of the residues of the catalyst
material is fichags ofrpdict.ell. is dikeppsgedisslosed thal thengjartipg \wpaterials used can

20097080204, c-bltngiﬁe ALMRForhd USRS E su?ﬁ’ﬁ% %téﬁa?@ﬂicap Wgﬂ(;trés(aﬂsinofli#gg&l

catal yst materi are present in the nitrogen-doped carbon nanotu
(NCNTs) @bt aidopitig of He: @rimmmanbtupessinbt disclatedl yst material s whi ch can
be present in small proportions in the nitrogen-doped carbon

nanot ubes (NCNTs) 30 produced consists of Fe, Ni, Cu, W V, C, Sn,

Co, M and My afflarahRReROSH BleY taMbted advehtagddus plodudidd 8f S@rdgdehiddged
el ements which are known to those skilled in"the art and form m xed
met al oxi de =zados abnatubesd NG Besis diselosed in W(B2009/080204. In WO 2009/08204, it
is disclosed that the nitrogen-doped carbon nanotubes (NCNTSs) produced by means
20  of the process can still contain residues of the catalyst material for producing them.
These residues of catalyst material can be metal nanoparticles. A process for
subsequent loading of the nitrogen-doped carbon nanotubes (NCNTs) is not
disclosed. According to the process described in WO 2009/080204, removal of the
‘residues of the catalyst material is further preferred.
25
However, according to WO 2009/080204, it is always the case that only small
proportions of the catalyst material are present in the nitrogen-doped carbon
nanotubes (NCNTs) obtained. The group of possible catalyst materials which can be
present in small proportions in the nitrogen-doped carbon nanotubes (NCNTs)
30 produced consists of Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn and Mo, and also possibly
Mg, Al, Si, Zr, Ti, and also further elements which are known to those skilled in the

art and form mixed metal oxide and salts and oxides thereof.



.Furthernmore, WO 2009/ 080204 does not disclose the fornms in which the
nitrogen can be present in the nitrogen-doped carbon nanot ubes
(NCNTs). Yan et al. in "Production of a high dispersion of silver
nanoparticles on surface- 5 functionalized nmulti-walled carbon

nanot ubes usiFagheimoed, SFOr HOAB0204 éads miotjdiedlpsdviat dsrivalia wihedH e aithien can
(2009) 171-173, disclose that carhon nanotubes w t hout heteroatons
can Subsequell?PWSB%tIFMHOWI’[’&)@ﬂ|°€'@Pn§ﬁnqtﬂlé?lSI{N§lNT ce. Accordingly,
carbon nanotubes can be subsequently | oaded with silver by firstly
bei ng functionalized on their surface by nmeans of oxidizing acids
such as ni triYanagiad. antPrbbudionf off a highc ddperfioo arfdiilvgr handphsticthssal ewtirce-
by Yan et_al ., functioqnal_ gro whi ch serve as."anchqr sites" for.
the silver ndRsHarelizer squltis™ @g‘ﬁéﬁ@é’llt%?’dw&l\f’és 158 87 oFeGiFAstali ey
the carbon napatihess diskd B tm9§0117|"1513739fdi§é]§set HER! BRHIn Vﬂahgtut)gbe without

oxi di zing acids. 15The process for |oading the oxidized carbon

nanot ubes actetediatgng ocant hubseduntlpherleadey Wi sdveratn theonpriasesAcdoedingly,
steps of dispersion of .the oxidized carhpon .nangtubes i.n dinet .
Ul Toxi de. - aGPEN ORGSR 681 i (VraUany oaa: PO oFVEndvarvy e
nmeans of sodifBtiehiliRl dnOelt ReriidY byaaRaR of BadRXhd@ds A BAfitric acid and
nanot ubes. 20Si nce, according to Yan et al., the oxidizing Eroperty

of the ad¥ds siukureg peiflc Accordingclanthp edispdesurelly f¥asnett dle fahesianek grasppyvhich

Yan et al. that the heter.pal are oxygen and nitr n- doped carbo

manot ubes” ( NRTE aPBTPRaRar Btand ofy < a8 v PR B oy 3R e
the carbon namg@ideaFshd abl@tnatotdbes HiNgE the 20uMOo HR81chBBe With the beRiesing
ni t rogen-cont ai ni ng carbon nanot ubes i ch bear platinumor ruthenium

net al nanopaf€i¥iel es and have a proportion of nitrogen of fromo0.01 to
1. 34, expressed as the ratio of nitrogen to carbon (CNx where x =
0.01-1.34). According to WD 2008/ 138269, the platinumor ruthenium
nmet al namdpalMhe pk@sshidy adingi theretidized cartbon mafbtibds acddvdinmtatied discdosure by

present in a_proportion of fromlto_100% of 30t he tqtal ss of the |,
ni t r ogen- contY@ntirig: EAPRGTSS 1he 3iean o€ dispersion o e pidieed satton nanotubes in

rutheniumi ndﬁn&ﬁ}rlustuilfafﬁde,i M6t 3 et Ritrattl 4d0Q 'tﬁ)ﬁrb%f@ilt?giwr Eg]rn?é& s of
nanot ubes into this solution and reducing the salts of platinuman

of rut heni umsadismrdieate on thehairkoe dbibe opfdizedearhonmeganbesont ai ni ng

car bon nanot ubes by neans of a chem cal reducing agent. 5 WO

2008/ 138269 does not disclose that netal nanoparticles other than

those of 2¢l atgifseMmRbrdig fol¥ HES dl'.ﬁtﬂé&ﬁidl@in?ﬁa@cﬁﬁﬁ of kY 401 iBeFiBeal Wcan be
2008/ 138269 al so does not disclose the nature of the nitrogen in the
ni t r ogen- contssuniedgirenr the rdisrhervre bysYam ot Thehydr bp| hetaredtoria ise parggen gnd

appl yi ng netal, nanogparticles to carb b i n ticul .0
o Fr vgen- dop R B RBRc, sibPT melo FRISBIG AL MCBERARE R PRldsef eitarhfie
has been sol yefht st tRtarbén haiotibeslddded WithRitv@t i or art.

25 WO 2008/138269 discloses nitrogen-containing carbon nanotubes which bear
platinum or ruthenium metal nanoparticles and have a proportion of nitrogen of from
0.01 to 1.34, expressed as the ratio of nitrogen to carbon (CN; where x = 0.01-1.34).
According to WO 2008/138269, the platinum or ruthenium metal nanoparticles have
a diameter of from 0.1 to 15 nm and are present in a proportion of from 1 to 100% of

30  the total mass of the nitrogen-containing carbon nanotubes.

The disclosed process for producing the nitrogen-containing carbon nanotubes

bearing platinum or ruthenium metal nanoparticles compnses dissolving salts of



.In particular, there is the problem of providing nitrogen-doped

carbon nanotubes 15 (NCNTs) on whi ch any 4desired netal nanoparticles
have been applied in finely dispersed formand in a | arge anount, and
al so a process for producing such carbon nanotubes. Such finely

di spersed nepaltindanaPasititefindth HsdluBGE ineethgctas htfogearohtdlete carbon
woul d be advantageous, in particular, as catalyst materials. 20lt has
now sur pri si Aansfubsseintd Sungolutien fand geduging e sags af Hatypay apd of ruthenium

i nvention, t ' ' . € : .S

it rogen- dopadioratd MY B8 SRR RRe=aite 280 RS AVPIcR o «
| east 0. 5% byhsmicahtedodingagehogen of which at |east 40 nmol % is present
as pyridinic nitrogen in the nitrogen-doped carbon nanotubes (NCNTs),
wherein ffom2 to 60% by wei ght of metal nanoparticles having an
25aver age pakihe P j he ¢ & 0 t

t he surface g)? Otj}?ggﬁ??%oggg?\%sdg%eglegg?‘{%}%mr%ﬁ%lt B%rgg %??ﬁ%ﬂ%l{'e()st?%eﬁﬁghtge& of
ni t r ogen- dopethtinambamo fhattenidne sar{ NENTsEntp Feftikeraloke, WaVZ008/13826Dgsa does
content in the range from 0.5% by. wei ght_to. 18% by wei ght .and

ort s cul ar 1y Dot GPae Skt SRkl SHPEHES e BivoRsR By gl B PEBoRbY
weight. - 5 - pyridinic nitrogen therein. However, the nitrogen

present in the nitrogen-doped carbon nanotubes (NCNTs) of the

i nvent i ohO caihalpsablére doubsenuendlyl apphyies sistal agnopartiadesiot qadparnaantibes and
nitroso nitrogen and/ or rrolic nitrogen and/o ne. nitraogen

and or quat et REPSHERE FogEipeeaed sisbhe Fandoh (TN i RF Gublem
and/ or ni trowHidH s bekd §6& iareM o1 fenTislgs angle PrioPyt.rol i ¢ nitrogen are
of subordinate inportance to the present invention since their
presence does not significantly hinder the invention as long as the
above-descri [ rfi.on f i.di nj i t. T
oropor t1 on oft BIRIHRR e, 85 MUK, B Brdidipo 3 hTCRES REBEn sllBrubes
preferably aiNCeas) deOwhivh%nyl dedifed ol axdopaftididiehgpeelseent applivé i i fately
the term"pyridinic nitrogen” describes 15 nitrogen atons which are
present in adieeErbiE I BEMIEEFAMAEHSANgtal50ge BrOCess\far PLadBeiAg spehgarbon
and the nitr SO I i: - S

An exanpl e OP suc a@b’?‘{rﬁif?ﬁkﬁ cQlll ﬁeﬁ?@&g%@?iﬁg O&tﬂﬁ@%ﬂﬂ?{&%ﬁ?%&%ﬁﬂ@@?@%@n
N (1) nanotubes would be advantageous, in particular, as catalyst materials.

20 It has now surprisingly been found, as first subject of the present invention, that this
object can be achieved by a catalyst comprising nitrogen-doped carbon nanotubes
(NCNTs) having a proportion of at least 0.5% by weight of nitrogen of which at least
40 mol% is present as pyridinic nitrogen in the nitrogen-doped carbon nanotubes
(NCNTs), wherein from 2 to 60% by weight of metal nanoparticles having an

25  average particle size in the range from 1 to 10 nm are present on the surface of the

nitrogen-doped carbon nanotubes (NCNTs).

The nitrogen-doped carbon nanotubes (NCNTs) preferably have a nifrogen content
in the range from 0.5% by weight to 18% by weight and particularly preferably in the
30 range from 1% by weight to 16% by weight.

The nitrogen present in the nitrogen-doped carbon nanotubes (NCNTs) of the

invention is incorporated in the graphitic layers and is at least partly present as



.20 However, the termpyridinic nitrogen refers not only to the
aromatic form of the abovenentioned het erlotycl i ¢ conpound shown in
figure (1) but also the singly or nmultiply saturated conpounds of the
sanme enpirical formula. Furthernore, other conpounds are al so
enconpassed byrifiii hitfogen pjiereth. owdker niter oig@aén \Wiesents itc hhohitesgen-doped
conpounds conprise a hetero%¥cllc conpound consrstlgﬁﬁof five carbon

atoms and t h&angpR nageRbes (NGNER of thepiventym @gaksoRer additinnally presey s nitgo
shown in figyp g(ﬁh'a}nd/or m@mso fwg&eaﬂd/&l) gﬁ&ﬁ&hﬁrc%%s"\%%ﬁ/dgf afitt R RitB gen

t hree pyr|d|n|c I'trogen h are stitue

mul ticyclic aﬂwbﬂqmﬁmnﬁnenmégﬁme pyridinic nitrogen atonms is a
constituept of a nonaromatic heterocyclic conpound. In contrast
thereto, the term" quaternary nitrogen” as used in the context of the

present invenfp 35} % iBAS of QuitchlaPP @itrddel rrﬁldml ﬁﬂo R/ GONiRbEN h/oP A
to at least thr arbon at'ons. For exanple, such quat ernary nltrogen

can be a constd/bupyrrolef nimpen arygoif |subqrdmpt¢umﬂ:9rta1$:esthcbhmpnesﬁlﬁ urg.wneon since
(rrry. The ermp rroI'c ni trogep descr.i i.n t g con

b esent 1 nveltaoRIeHeR: (s o SRR AR g (P o e & By e
conmpound congk&tibad Rﬁoﬁﬁ#@o?ﬁﬁﬁﬁﬂw@ﬁ@ﬁ&m@ﬂﬂ1%&%1”'tr096n in the

ni trogen- doped carbon nanot ubes An exanple of a 15pyrrolic
conpoundl®n the context of the present invention is shown in figure

(V). (V) The proportion of pyridinic nitrogen in the catalyst of the invention is preferably at
least 50 mol%.

In the context of the present invention, the term “pyridinic nitrogen” describes
15 nitrogen atoms which are present in a heterocyclic compound consisting of five
carbon atoms and the nitrogen atom in the nitrogen-doped carbon nanotubes

(NCNTSs). An example of such a pyridinic nitrogen is shown in figure (I} below.

~N

=
0

20  However, the term pyridinic nitrogen refers not only to the aromatic form of the
abovementioned heterocyclic compound shown in figure (I) but also the singly or

multiply saturated compounds of the same empirical formula.

Furthermore, other compounds are also encompassed by the term “pyridinic
25  nitrogen” when such other compounds comprise a heterocyclic compound consisting
of five carbon atoms and the nitrogen atom. An example of such pyridinic nitrogen is

shown in figure (II).



.I'n the context of "pyrrolic nitrogen", too, this is not restricted to
the heterocyclically unsaturated conpoundshown in figure (IV) but
saturated conpounds having four 20 carbon atons and one nitrogen atom
in a cyclic arrangenent are al so enconpassed by the termin the
context of the present invention. FgnN<{ he purposes of the present
invention, the termnitro or nitrosp nitrogen refers to nitrogen
atons in the nitrogen-doped carbon n (NCNTs) which are, 25
regardl ess of their further coval ent o |bound to at | east one
oxygen atom A specific formof such aNnitho or amitroso nitrogen is
shown in figure (V), whichis - 7 - intended to illustrate, in
particul ar, therdi(l) elepivteby rvan bhexaiyile ehrept pyoidadc pytroghinnatoms which are
nitrogen. (V) 5lt cap be seen fromfigure éx) that,. in contrast to
conpounds whiceRSUCHREY P58 muliigycliccomnounds Pagdh thy pyHifigic BiOgeR Alaels
present | nvewbhdbiuent Ba Phdd &R ﬁ&&@@&m%@go&wa' ently bound to at

| east one oxygen atom The heterocyclic conpound thus no | onger
consists bnly of five carbon atons and the nitrogen atom but instead

nsi f fiv r hon he nitr n n
(]:_8 sists o n C(e)nt(%e%t t%l?eret%t, %rlgs fentn gquzm;[rna?rgenqtrglée%m aas lcljsegnmogflggceonte% %rtnthe

present invention refers to nitrogen atoms which are covalently bound to at least
three carbon atoms. For example, such quaternary nitrogen can be a constituent of

multicyclic compounds as shown in figure (11I).

10
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The term pyrrolic nitrogen describes, in the context of the present invention, nitrogen
atoms which are present in a heterocyclic compound consisting of four carbon atoms
and the nitrogen in the nitrogen-doped carbon nanotubes (NCNTSs). An example of a

15  pyrrolic compound in the context of the present invention is shown in figure (IV).
H
d

In the context of “pyrrolic nitrogen”, too, this is not restricted to the heterocyclically

(v}

unsaturated compound shown in figure (IV) but saturated compounds having four
20  carbon atoms and one nitrogen atom in a cyclic arrangement are also encompassed

by the term in the context of the present invention.

For the purposes of the present invention, the term nitro or nitroso nitrogen refers to
nitrogen atoms in the nitrogen-doped carbon nanotubes (NCNTSs) which are,
25  regardless of their further covalent bonds, bound to at least one oxygen atom. A

specific form of such a nitro or nitroso nitrogen is shown in figure (V), which is



.Apart fromthe conmpound shown in figure (V), the termnitro or

nitroso nitrogen al so enconpasses, in the/context of the present

i nvention, the conpounds which consist of only nitrogen and oxygen.
The formof nitro or nitroso nitrogen shown in figure (V) is also
referred to FstefddddbZ@sherae iftpdHiulf, tHeQFBrendSfrbi thd 8bGRMeANSn pykidthic
present invention, the termamne nitrogen refers to nitrogen atons
whi ch, in théllfmgerlogen doped carbon nanotubes (NCNTs), are bound to

at | east two hydrogen atons and to not nore than one carbon atom but
are not bound to oxygen. 20 The presence of pyridinic nitrogen in the
proportions indicated is particularly ady C;{smt ageous because it has
surprisingly been found that pyrid rogen in particular
sinplifies a later |oading of the @aoe of the nitrogen-doped
carbon nanot ubes (NCNTs) with netal™~fanoparticlegyand that this
nitrogen species |eads, 25 parti cularly when present in the
proportiogs i gl

nanoparti gl espgénr{:tg%ég%nuﬁggg%g \ﬁleﬁlﬁft ?o%gggﬁopgﬁng%hggsnwr}%r?o Org%nse e
whi ch i s par t‘peadiaic] nitraghr@niahe otise b ¢he presait 1hﬁfte1t1bﬂ,su]nbtnmn@dnilgdne is also
specific surfac ea of the netal nanoparticle - - active sjtes
bei ng si mul t&ﬂléagﬁfgfwb%& o b11east gre axif?éac?tt‘?lﬂnﬂé‘hh?‘ﬁ’é"’&%ﬁ%ﬂ}%&"“ndt us no
surface. Thi r

vent fve i 17 e Tebey L R AR S BRI R SR o i e
nanoparti cl esafﬁseca'bamymtrs the nitedgenatenendisn exgehyins. 5 W t hout

wi shi ng t1 be tied to a theory, it appears that the pyridinic

ni t rogen @roups present anisotropically on the surface of the

ni t r ogen- dopegdaaatdie thd @APouae ShdWE B urk €9 ke ﬂeﬂntnlﬂﬁb oY ﬂ&@ﬂ?ﬁitr@éen also
condensation sites for the future netal nanoparticles, with the netal
nanoparti cl e§n‘€€nﬂms$ﬁ$gﬂpﬁlﬁtq0@wapf {hevisksent trvenieon yhd empaunde Whlithr eagsist
groups since l-f f Ih‘s a I eCUlelal'r f{l %erac I1 I’Q o?ef\ltlt\/\@s%nn{ro C TT'%I%) n in figure
nanoparti cl es and ¥ 8g M grg‘n gl?‘ ups p et on TR gu
surface of the) fsldlidlgﬁ'lﬂred(@@@ﬂoﬁafzb@ﬁyln@ﬂmm@@gen( NCNTs) . That

nol ecul ar _interaction in particular nay well lead to the advant ageous
use of the 15 nitrogen-doped carbon nanotubes (NCNTs) bearing netal
nanoparticle I v

catal ysts,  ad? EPAIE drdng Mot SEBIdE, dPRERALNE ni%o R (oL &Y Bftogen
The net al narammrwm«:hes tmmmgmdsﬁedoiaﬂmnnnhamb&e(ﬂ\mfm) furedrouhd o at least
group consisting of 20 Fe, Ni W Vv, C, Sn, . Al
Si, zr, Ti, RYO hyrogey atorys apsy) oF: RAt more they O%caﬂzw Siath b, e et fo
nanopart| cl e%x%&f erably consist of a netal selected fromthe group
conS|st|ng of Pt, Ag, Au, Pd, Rh, Ir, Ta, Nb, Zn and Cd.

The presence of pyridinic nitrogen in the proportions indicated is particularly
advantageous because it has surprisingly been found that pyridinic nitrogen in
particular simplifies a later loading of the surface of the nitrogen-doped carbon
nanotubes (NCNTSs) with metal nanoparticles and that this nitrogen species leads,
25  particularly when present in the proportions indicated, to a fine dispersion of the
metal nanoparticles on the surface of the nitrogen-doped carbon nanotubes, which is
particularly advantageous because of the resulting high specific surface area of the

metal nanoparticles.

30  This particularly good dispersion of the metal nanoparticles on the surface of the

nitrogen-doped carbon nanotubes (NCNTSs) leads, in particular, to many catalytically



.The netal nanoparticles particularly pref erably consi st of a netal

sel ected fromthe group consisting of Ag,8Au, Pd, Pt, Rh, Ir, Ta, Nb,
Zn and Cd. The netal nanoparticles very particul arly preferably
consist of platinum (Pt). - 9 - The proportion of netal

nanoparti cl eactive dilee beiagalinstaneensdy aviilaslcrivt 4 Ageibriaped caatyeosurface. This
nanot ubes (NCNTs)_ bearing nmetal nangparticles is preferably from 20
to 50% by weFFgﬁ?mCBlalﬂﬁea pRigggous | fay daer Bse Pﬁﬁh%weﬁta‘tﬁ/nw@gﬂa PPk sagon

for producin
nanoparti cl eg %értééée%’ feé’ﬁggds%%a@%gphﬁ%? erl ze taﬁﬁs\g ﬁ%&?ﬁo@éneous
conpri ses at chiahais. the st eps: i ntroduction of

ni trogen- doped carbon nanot ubes (NCNTs) haV| ng a 10proportion of at
| east 0.5% by wei ght of nitrogen of vvhi ch at least 40 nol%is

pyridinic ni Wl?lgcﬁﬂ thljﬁH @0 5OLiEd k0T thddky ey t?Qf)tﬂe ?}E@iméﬁlﬁo en groups

b) reduction o salt in the so 1 on he presénc
the 15nit roggm—sdmtpenismiarmmhlynamouhabmfa(:e\mﬂ the, nipigerodapddy cmibbh nanotubes

addi ti on of cal reducjin arat i
ni t rogen- dopzlﬁf:ci&gf‘%oﬁ3 ST Bk Lﬁ]ﬁﬁ‘egﬂﬁ% ﬁ%?a@%’&éd Ormgﬁ%l Rhurt "Gital
nanopar ti cl eg.f S RMA&Ee widltHe it ﬁﬁiopa&ﬂﬂ%mﬁh&‘lﬂ ﬁﬂﬁéﬁlﬂ%"%ll ¢ HRPYridinic

nanot ubes (NCNTs) used in step a) the process of the invention are
usual | y dBes n#gogsan ghmips bsiacsetdhefer osn t hewohecobie s mtefecionn tstivéam W3 metal

2009/ 080204. 25I f f d e di f th
are nitrogen P glﬁt?cé%flr r 8(51 tﬁé\?ﬂﬁﬂlﬁfﬁg e i m%&&?%ﬁéeg?pﬁgbgli?tssﬁgﬁceof’}l the

nitrogen in hna)gremged EQPdPnadnineés (RCHITs).t 0 18% by wei ght. They are
preferably nitrogen-doped carbon nanotubes (NCNTs) having a

proportion of nitrogen in the range from 1% by wei ght to 16% by

wei ght.. That molecular interaction in particular may well lead to the advantageous use of the

15 nitrogen-doped carbon nanotubes (NCNT's) bearing metal nanoparticles compared to
the pure metal nanoparticles as improved catalysts, as is likewise provided for by the

present invention.

The metal nanoparticles can consist of a metal selected from the group consisting of
20  Fe, Ni, Cu, W, V, Cr, Sn, Co, Mn, Mo, Mg, Al, Si, Zr, Ti, Ru, Pt, Ag, Au, Pd, Rh, Ir,
Ta, Nb, Zn and Cd.

The metal nanoparticles preferably consist of a metal selected from the group
consisting of Ru, Pt, Ag, Au, Pd, Rh, Ir, Ta, Nb, Zn and Cd.

25
The metal nanoparticles particularly preferably consist of a metal selected from the
group consisting of Ag, Au, Pd, Pt, Rh, Ir, Ta, Nb, Zn and Cd.
The metal nanoparticles very particularly preferably consist of platinum (Pt).

30

The average particle size of the metal nanoparticles is preferably in the range from 2

to 5 nm.



.30 I'n a second preferred enbodi nent of the process, they are

ni trogen-doped carbon nanot ubes (NCNTs) -tavi ng a proportion of
pyridinic nitrogen of at |east 50 nol % of nitrogen present in the

ni t rogen- doped carbon nanotubes (NCNTs). - 10 - It has surprisingly
been found tITat R@bpéttioh 'dFahp@Nhapattiifesnbd HIRDEMalOPEshSrai O Ritrogen-doped
nanot ubes (NCNTé? efore reduction of the netal salt in the presence

t hereof is nétrbpeduse@bes (NGNdshbearsng metal manopastiges at peaferablybem 20 to
nanot ubes. T baﬂgpggiﬁ§ particularly 5 when the above-descri bed
preferred nifrogen gpéd car bon nanotubes (NCNTs) are used. Conpared
to the prior art, this is a significant sinplification of the
production process. Wthout wishing to be tied to_a theory, this is
obvi ousl y? nadé&¢€ pygssnk|iBvesion; fyrther previdesup aprocesh fopyrpdicHiL nifrpgeaweped

structures of ' gﬁﬁ% o (s P
preferenti al C?:Ihgﬂ eﬂr%g@gsﬁm sor gt}ﬁgﬁ%sﬁeggm%%ne?%\gé\% ts(}ﬁr)rélggé]lngwrflace’
contrast to theadutifelde tisdt itwotiptiess afledstithes®ps: car bon nanot ubes. The
solution (A) of a nmetal salt into which the nitrogen-doped carbon
nanot ubes 15 obtai ned as per step a) are introduced is usually a
solution of a salt, of; : I h :
consi sting of Fe, . i ,mt%g},ﬁlc%n V%%ér%é%}néo%g %&&ﬂ%ﬁ&%&s QQN%FP h%‘rn,ng e
Ti, Ru, P9, Ag, Au, RdopoRign bof at Teast Nby%Zry aeihCchf dAilregerepéilvehicl at least
preferably selected from.the group. cansi sting of  Ru, , Ag, .Au, Pd,
0 R o Ta o 2o BirmbRiarpath it gosattin (A gt agnysal
selected fromthe grqyp consisting of Ag, Au, Pd, Pt, Rh, Ir, Ta, Nb,
Zn and Cd. The netal is very particularly preferably platinum(Pt).
The netal salts are usually salts of the abovenentioned netals with a

chlori de, brom ded i Gikon o6 i iRRR B RNt LO% rs BT ug e

or nitrats. nitrogen-doped carbon nanotubes (NCNTSs), optionally with addition of

a chemical reducing agent (R), and

c) separation of the nitrogen-doped carbon nanotubes (NCNTSs) now loaded
with metal nanoparticles from the solution (A).
20
The nitrogen-doped carbon nanotubes (NCNT's) used in step a) of the process of the
invention are usually ones as can be obtained from the process described in
WO 2009/080204.

25 In a first preferred embodiment of the process, they are nitrogen-doped carbon
nanotubes (NCNTs) having a proportion of nitrogen in the range from 0.5% by
weight to 18% by weight. They are preferably nitrogen-doped carbon nanotubes
(NCNTs) having a proportion of nitrogen in the range from 1% by weight to 16% by
weight.

30
In a second preferred embodiment of the process, they are nitrogen-doped carbon
nanotubes (NCNTs) having a proportion of pyridinic nitrogen of at least 50 mol% of

nitrogen present in the nitrogen-doped carbon nanotubes (NCNTs).



.The nmetal salts are usually present in a concentration in the range
from1 to 100 mmol/1, preferably in the-ilénge from5 to 50 mml/ 1,
particularly preferably in 30the range from5 to 15 mnol/1l, in the
solution (A). The solvent of the solution (A) is usually one
selected fromthe group consisting of water, ethylene glycol,

nonoal cohol s, di net hyl sul foxi de (DVSO), toI uene and cycl ohexane 5
The sol vent ilishgy surprisipely bemefouael thetopriarhseainenipok Giesisiorsgdeped carbon
wat er, DMSO, I

usual [y met hgﬁﬁ%@%@‘%ﬁﬁ%"def%@%% O o el g T B SRR Tt ot

particul arly nacbsgury dgenusaditd tegee-ofopet cadohaanstabahThisappiéd\Fadicularly
havi ng a high proportion of pyridinic nitro %gn on their surface

enabl es the f“(hepﬁﬁ‘“r aRRygracsibedorelgard pirgentigped parbemawnofgies _(QHFIN)TQQ are
stabilizatiogged %o%agédstgetﬂé gof"ﬁr'ih[ g%ggﬁ%&aﬁ?ﬁm ili’i@at?dijldéiit'gg Brd¥fuction

such additives, I nstance for do I zat1 on, can

advant ageousmcn:esxr.der to inprove the cat al ysts obtained fromthe
process further. 15 The reduction in step b) of the process of the
invention is usually carried out using a chem cal reducing agent (R

sel ected fr oRy{list G RhiRs CONG %Te!i WS thh&bl\%ﬂh?s”?s gbvie@ly rHM&Og(%s%R)(ﬁgE% in

citrates, borohydrides, fornal hydr azi ne
thus be $@en pattignlat, hthe epmdnnc emrfadeestlalbmv@r@ﬁ the| msegkn-gopsd idaiben nanotubes

possibl & 1 edNENAdeRtEe pRIEed ARaF i RpoR i oRs Pl RyPEHL "

addi tion of %pﬂit%&ldﬁitﬁgs@@;ﬁ:@kﬁﬁﬁhré%ﬁ“ﬂﬁqﬂl@@mﬂm_@sl n many cases.
25Preference is therefore given to the chem cal reducing agent (R

and the solvent of the solution (A) being at | east partly i denti cal .

It has surpr IT'%I lu¥1 Be@ﬁ ffound that mfb W %le%gbnqr%@% % {hﬁ% nanotubes

process of the | Cess can sinp

sol vent and bb&nﬁéﬁ&féﬂ m|stdped)u£rb ﬁﬂtrc&ﬂlca@emsdamz abﬁjlﬁtg)rﬂbfh%alﬂof@ﬁétdﬂthe
identical, which is nade possible by the ni tr%% dVPed car bon
nanot ubes ( NNty seleded fram; the gmv@cc@@glsﬂeﬁg ohie. Ny et PorY s v PidChilgh. Mo,

hi £ ogen ser oas S e R b R B o Y O po nt
for deposition of the netal on the
The metals are preferably selected from the group consisting of Ru, Pt, Ag, Au, Pd,
20  Rh, Ir, Ta, Nb, Zn and Cd. The metals are particularly preferably selected from the
group consisting of Ag, Au, Pd, Pt, Rh, Tr, Ta, Nb, Zn and Cd. The metal is very

particularly preferably platinum (Pt).

The metal salts are usually salts of the abovementioned metals with a compound
25 selected from the group consisting of nitrate, acetate, chloride, bromide, 10dide,

sulfate. Preference is given to chloride or nitrate.

The metal salts are usually present in a concentration in the range from 1 to
100 mmol/l, preferably in the range from 5 to 50 mmol/l, particularly preferably in
30  therange from 5 to 15 mmol/l, in the solution (A).



.- 12 - surface thereof This high affinity also nmakes further addition
of a reducing agent (R) dispensable in mhhy enbodi nents. It can be
seen fromthe above that the expression reduction in the presence of
the 5 nitrogen-doped carbon nanot ubes (NCNTs) as per step b) of the

process encompassRenbet thelsbRitib8 QAT id &aly ofe BREALD H3hi therdiliecsdisting ef
of the nitrogen-doped carbon nanotubes (NCNTs) and the reduction of

the netal salWatérn cthidengoglyeolonngnmplophels, dumethyt sWfoxade {PMS@: 4pluene and
nanoparticlecgaghgkngorned whi ch takes place in the sanme solution

(A). 10 A nore précisSe distinction is frequently not possible since,
for exanple, in the case of the reduction in the solution with
subsequent adsorption on the surface, these processes take place

partly siful (Setbeany is psefsragli seleetpdrirom dheaspup gonsistinenef meter; PMSO,
al so not nec i i ses the advant ageous properties of
%ﬁﬁﬁ% gz%éraﬁgnd Rof 15%1%%.

t he nitrogen- on nano es (NCNTs) lead, in particular, to
finely dispersed netal nanoparticles precipitating on the surface of

t he nanot ubes, so that the catal yst obtained by neans of the process
of the i nventifémanoalsphls ,arq%@é)fw@avw eﬁwv%lp 9F WEHres HisEsofi ¢
surface area of the netal nanoparticles 20 and subsequent sintering

of the nmetal nanoparticles is |likew se prevented or at |east greatly
reduced BbY t Adciusprobiheippatoutmlycfdviktegames altrogamdpped ¢carb@snamntibhe ((NCNTSs)

rface of the abovenenti oned condensation sites, of the
o1 aoen dopDaviRR AR PO iR & PRGRE) M0geh o dbih st enahleg the fgher

of the procegddiibn (dFeaddithRS! fo?MinbtindéSHAR! doVlofbtabiBidatih 18 HeNdispEAsEP dith.
as are generally known to those skilled in the art. A nonlimting
exanpl e of ssedhelegsathgmidition of fudhtadditives .forTinetapeecioe polldid vighilizatmon, can

further provides for the. us f.ni.trogen- d.carb 30, nanot u
(NONTS) i R R e g dRordh bl f AR EIAE o RpoP o nf B b Hofther.
nitrogenief which at |east 40 nol %is pyridinic nitrogen and on which
from2 to 60% by weight of the netal nanoparticles having a particle
size of fromlheteductonin sepbppblhedrocess @%tgamy@ﬂgow yshally earrigd eutgfsing a

the nitrogen gaped Pe%BHQ aggﬂc{w%&%ot@ﬁ‘l%ﬂhe group consisting of ethylene glycol,

monoalcohols, citrates, borohydrides, formaldehyde, DMSO and hydrazine.

20 It can thus be seen that the amount of the above-disclosed, possible solvents of the
solution (A) is sometimes equal to the amount of the possible reducing agents (R)
just disclosed. Accordingly, the further addition of a reducing agent (R) can be

dispensed with in many cases.

25  Preference is therefore given to the chemical reducing agent (R) and the solvent of

the solution (A) being at least partly identical.

It has surprisingly been found that in many embodiments of the process of the
invention, the process can be simplified by the solvent and the chemical reducing
30 agent (R) being at least partly identical, which is made possible by the nitrogen-
doped carbon nanotubes (NCNTs) used in the process of the invention having high
proportions of pyridinic nitrogen on their surface, which pyridinic nitrogen serves, as

described above, as active site/adsorption point for deposition of the metal on the



- 13 - Preference is given to use as catalysts in electrolysis. The
process of the invention and the inventiVé-catal ysts conprising

ni trogen-doped 5 carbon nanotubes (NCNTs) bearing netal nanoparticles
are illustrated below with the aid of sone exanples, but the exanples

are not to beu@aRshérder] TAK Hoh Sl GlsoRakel firRr 86AR6n 6f a fddBcing agent (R)
i nventi on. In addition, the inventionis illustrated with the aid

of figures wdtspenfablsan mipnyestbodignesds.- 10t hereto. Fig. 1 shows an
extract froman X-ray photoel ectron spectroscopy study (ESCA) of the
ni t rogen- doped carbon nanot ubes used in exanple 1. Specifically, the

N1 s spectrum efn bdecdhl fr6a386 abORLthat BHeboiprdzsiontroRSion S8 dhd PreexrBWIehe
1 in the binding 15 energy [B] range from 390 to 410 eV is shown.
Under t he3 nea&iitnzsa-depedt ¢aibey orangfubek, (NGNER), asadehedep contafnthsyPprocess

line), the a %gés ' Ielekl! [Re I Hal oug

ni trogen spe%ﬁéeogéé : %é%ﬁ%ﬁ{eﬂﬁ%ﬁﬁf%ﬁ@ ?Arlle wl}%ﬁ{i}fg%ggﬁs@%?# tgdr%efl,doged
pyrrolic nitkcaden mpetbes(NEGNTH) awk thet fedinctionrafkiaa nhdtaiesaltt ihlths kolution (A)
sections), a first quaterpary nifrogen species (C ‘Eb)l ¢k, thin )
conti nuous | i ?353%@80 thﬁdnefalapwaw?%wﬁ@g Fg é’@llé"sff’(kB? Plpcgyn the
thick contin I nitroso nitrogen species or oxidized
pyridinic ni ?%33‘#“2@% [?L)gs (E: gray, thick, hatched line) and a nitro
nitrogenl@pecies (F: dark gray, thick continuous |line) are shown. The

respective val ues of the.bindin ner e at . which .t he neasured

Vol e maxt iy o0y GRS iTaRter Pt haeT Blsen iy i T aie Th fcsase
shown on theox iR k&huctlHie iS ¥R blulife vARP RO AR EEDptERAbn TRASHTRRE Hese
signals in addition gives a snoothed representation of the nmeasured

spect r um ( 0) processgd takeplage partyrsawsltanepiislyt transni ssion el ectron
m crograph (TEM of the catal yst produced as described in exanple 1.

15 In particular, however, a distinction is also not necessary since in both cases the
advantageous properties of the nitrogen-doped carbon nanotubes (NCNTSs) lead, in
particular, to finely dispersed metal nanoparticles precipitating on the surface of the
nanotubes, so that the catalyst obtained by means of the process of the invention
displays, in particular, a very high specific surface area of the metal nanoparticles

20  and subsequent sintering of the metal nanoparticles is likewise prevented or at least
greatly reduced by the immobilization of the metal nanoparticles on the surface of
the abovementioned condensation sites of the nitrogen-doped carbon nanotubes

(NCNTs).

25  The separation in step c) of the process of the invention is usually carried out using
methods as are generally known to those skilled in the art. A nonlimiting example of

such a separation is filtration.

The present invention further provides for the use of nitrogen-doped carbon
30 nanotubes (NCNTs) which have a proportion of at least 0.5% by weight of nitrogen
of which at least 40 mol% is pyridinic nitrogen and on which from 2 to 60% by
weight of the metal nanoparticles having a particle size of from 1 to 10 nm are

present as catalysts on the surface of the nitrogen-doped carbon nanotubes (NCNTSs).



.Fig. 3 shows a second transmni ssion el ectron mcrograph (TEM of the
catal yst 5 produced as described in exanpBe 1. Fig. 4 shows a first
transm ssion el ectron mcrograph (TEM of the catal yst produced as
described in exanple 2. 10 Fig. 5 shows a second transm ssion

el ectron mcrograph (TEM of the catal yst produced as described in
example 2. Fig. 6 shows a transm ssion el ectron m crograph (TEM of

t he cat al yst Ppefesnecis givende $18¢ apwiplysis vlegdiodys®. 15 - 15 - Exanpl es:
Exanpl e 1: production of a catal yst according to the invention 5 The
ni t rogen- doped carbon nanot ubes were produced as described in exanple

5 of WO 2009/Th8 p26kksyvbf thetiheerdivhyandithé enventescdtilgste tompiikiag mitrddedtdoped
pyridine was used as startin%_naterial, the reaction was carried out

at a reac?i ofenpBpraitbeeNWENIshbeaing Mgl panpperties srpdllvgrated below with
tricted t i i I f .
Catal yet -was TSt WihESxar ARESLEMB BT R o BEGTRL BN M HBRHbAgr

used) were r ¢immeepe bfytheastentign.t he ni t rogen-doped car bon nanot ubes

obtained in 2 nolar hydrochloric acid for 3 hours under refl ux.
15Part of the nitrogen-doped carbon nanotubes obtai ned were passed to

the exam nat iIQQdcﬁﬁoxﬂQﬁ&fﬂg@ﬁ%d iﬁ_ﬂ%ﬁﬁﬁh%iﬁx the ajl ¥ f%&és%ﬁl%u@%@i‘i restricted

carbon nanot ubes obtained 1n this way were subsequently disperSed in
467 m ofl0et thdrgne gl ycol by adding themto this liquid and stirring
at 20 3000 rpmusing a SILVERSON stirrer having a stator attachnent
for 10 mnutes. 187 nl of a silver salt solution of 2.5 g of

hexachl or opl gid ni ow¥)anakkdcthiysihahex by PRotoelectron spectroscopy study (ESCA) of
the nitrogen-doped carbon nanotubes used in example 1. Specifically, the Nls
spectrum of the nitrogen-doped carbon nanotubes used in example 1 in the binding

15 energy [B] range from 390 to 410 ¢V is shown. Under the measured spectrum
(O: black, thick, hatched, continuous line), the approximated ideal measurement
signals of a pyridinic nitrogen species (A:black, thin, broken line with long
sections), a pyrrolic nitrogen species (B: black, thin, broken line with short sections),

a first quaternary nitrogen species (C:black, thin continuous line), a second

20  quaternary nitrogen species (D: gray, thick continuous line), a nitroso nitrogen
species or oxidized pyridinic nitrogen species (E: gray, thick, hatched line) and a

nitro nitrogen species (F: dark gray, thick continuous line) are shown. The respective
values of the binding energy (eV) at which the measured value maximum is located

for a particular nitrogen species are also shown on the x axis. The sum of the

25  approximated ideal measurement signals in addition gives a smoothed representation

of the measured spectrum (O).



Umcore) in distilled water were subsequently added at a rate of

about 1 m/mn to the resulting disperstdh-of the nitrogen-doped
carbon nanot ubes. The di spersion was 25 stirred further during this
addition. After the addition of the platinumsalt solution was

conpl ete, theiph dbwksRcireh taaemSIsTIA dl@srof Slicio@raph-(TEM)O I MRAE a9t produchd
mol ar NaOH solution in ethyl ene glycol. The di spersion obtalined in
this way was a8dpsalediexpmpiahsferred to a 3-neck flask 30and reacted
in this at about 140C under reflux and a protective gas atnosphere
(argon) for 3 hours. - 16 - The dispersion was then cooled to room
tenperature IFg. S sidws al evhdGrantmisdiodt dedrdandecrogabh (TEMOB€ithe @agalyst
(1013 hPa,_, 23C) and subsequently passed through a filter paper (blue
band round f iprqcyced srdpseriladdp exampl§ili | 1) and washed once with
distilled water, thus separating the catal yst according to the
invention off fromthe dispersion. 5 The resulting, still noist solid
was then dri dig. altsh8G€aifirstatranamingiondigcirog ntiviegrph(EESDrof the ddfalphipegduced
for a further éZ h u({s. The cgtal yst according to the invention was
subsequent | y 23p4E¥ERE B $REPYENI nati on as described in exanpl e 5.
Exanpl e 2: production of a first catalyst which is not according to
the invention Nitrogen-doped carbon nanotubes were produced in a
manner ah@l odiogis$ slwovex anyrcendl twnshissios dodtendififregrple o TEMY) of Hbe catalyst
reacti on was n(gﬁ{ g@r ré ed.out. for 1]1% m nutes. The nitrogen-doped

car bon nanot FE¥SHEPCBFREN B E*HAPEIY passed to the exami nation as
described in exanple 4 before dispersion in 467 m of ethylene

gl ycol . This was followed once again by a treatnent identical to

t hat descri bé&dg ibnshexarmpiransmissim ateeronamirgaapho RV el theasatalyst produced as
subsequent |y Iei k% 'see aszﬁg to the exam nation as described in
exanpl e 5. E>?a et ’%PB’ tion of a further catalyst which is not
accordi ngsto the invention 25



_An experinent identical to that described in exanple 1 was carried
out with the sole difference that comerébal carbon nanot ubes
(BayTubes(r), from BayTubes) were now used instead of the

ni t rogen- doped carbon nanot ubes used there. - 17 - An exam nation as
described i nFxaiplke 4 was not carried out due to the |ack of
nitrogen constituents in the comercial carbon nanotubes. The

cat al yst obt ai ned was subsequently |i kew se passed to the exam nation

as b5descri beg. . L X- L on
pectr oscopy Lt R dgpl SEARENSr o B YIERBEORT oot e 1
and exanple 2 10 The proportion by mass of nitrogen in the

ni trogen-doped carbon nanotubes and al so the nol ar proportion of

vari ous nptrdgeriEpRErapeicaIioR naReUBFopEietITeRudSY arelsscrired ip cxagels S of
found in the Wbtfo‘égﬁ’)@OM%ﬂhQHé Bfﬂg %@%ﬁ%@éﬁﬁeﬁéﬁ&ﬁ %ﬁﬁf@a Bﬁdiﬁ@%a&ﬁge‘i

ni t rogen- doped carbon nanot ubes a I'n the co exanp

1 and of exanmpltrtihgoyatesal)sheofeadtionayapbatied becitroreastecterpsmope of 700°C
anal ysis (ESCA; .15 instrunent: ThernoFisher, ESCALab 220i XL; met hod:
accordi ng t o 2 ESTRRECR NG Was @SWE&HB%éﬁF’Bﬂ%th.' The val ues determ ned
are summarized in table 1. The determ nation of the nolar proportions
of the various nitrogen species or the bonding state of the nitrogen
speci es Was dasiduagldamaunthyofathe acatabyst oxsedri(a i catalystdess prepa2@ 4si debicriped in

energy val ue characteri,zi spectiye nitrogen ecies in the
N s apectrumtERLPbATQ 2PRL DRl A skl 5P PY ResBEi i i ogen-
doped carbon nanotubes obtained in 2 molar hydrochloric acid for 3 hours under

reflux.

15 Part of the nitrogen-doped carbon nanotubes obtained were passed to the

examination as described in example 4.

The nitrogen-doped carbon nanotubes obtained in this way were subsequently
dispersed in 467 ml of ethylene glycol by adding them to this liquid and stirring at
20 3000 rpm using a SILVERSON stirrer having a stator attachment for 10 minutes.

187 ml of a silver salt solution of 2.5 g of hexachloroplatinic(IV) acid hydrate (from
Umicore) in distilled water were subsequently added at a rate of about 1 ml/min to
the resulting dispersion of the nitrogen-doped carbon nanotubes. The dispersion was
25  stirred further during this addition. After the addition of the platinum salt solution
was complete, the pH of the dispersion was set to 11-12 by means of a 1.5 molar

NaOH solution in ethylene glycol.

The dispersion obtained in this way was subsequently transferred to a 3-neck flask
30 and reacted in this at about 140°C under reflux and a protective gas atmosphere

(argon) for 3 hours.



[/0 by weight] Pyridine N[nol% Am ne N [m)l om Pyrrole N I nol %
nary N [nol% Quater- -16

Quat er -
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The dispersion was then cooled to room temperature by simply allowing it to stand
under ambient conditions (1013 hPa, 23°C} and subsequently passed through a filter
paper (blue band round filter, Schleicher & Schiill) and washed once with distilled
water, thus separating the catalyst according to the invention off from the dispersion.
The resulting, still moist solid was then dried at 80°C in a vacuum drying oven

(pressure ~ 10 mbar) for a further 12 hours.

The catalyst according to the invention was subsequently passed to the examination

as described in example 5.

Example 2: production of a first catalyst which is not according to the invention

Nitrogen-doped carbon nanotubes were produced in a manner analogous to example

1 with the sole difference that the reaction was now carried out for 120 minutes,

The nitrogen-doped carbon nanotubes were likewise partly passed to the examination

as described in example 4 before dispersion in 467 ml of ethylene glycol.

This was followed once again by a treatment identical to that described in example 1.
The catalyst obtained was subsequently likewise passed to the examination as

described in example 5.

Example 3: production of a further catalyst which is not according to the

invention

An experiment identical to that described in example 1 was carried out with the sole
difference that commercial carbon nanotubes (BayTubes®, from BayTubes) were

now used instead of the nitrogen-doped carbon nanotubes used there.

It follows that, after washing of the carbon nanotubes in 2 molar hydrochloric acid,

the production of the catalyst was carried out in the same way.



.nary N [nol % Pyridine (oxidized) N+-0 [m)l% NO [ nmol 94 Ex.
0 24.21 10.07 9. 17 -

10

15

20

25

1 7 48.72
71 4.92

An examination as described in example 4 was not carried out due to the lack of

nitrogen constituents in the commercial carbon nanotubes.

The catalyst obtained was subsequently likewise passed to the examination as

described in example 5.

Example 4: X-ray photoelectron spectroscopy study (ESCA) of the catalysts as

described in example 1 and example 2

The proportion by mass of nitrogen in the nitrogen-doped carbon nanotubes and also
the molar proportion of various nitrogen species within the proportion by mass of
nitrogen found in the nitrogen-doped carbon nanotubes were determined for the
nitrogen-doped carbon nanotubes as obtained in the course of example 1 and of
example 2 by means of X-ray photoelectron spectroscopic analysis (ESCA,;
ESCALab 220iXL; method: according to the

instrument: ThermoFisher,

manufacturer’s instructions). The values determined are summarized in table 1.

The determination of the molar proportions of the various nitrogen species or the
bonding state of the nitrogen species was carried out by area approximation under the
binding energy value characterizing the respective nitrogen species in the Nls

spectrum.

Measured values as per example 4
Sample | N content | Pyridine | Amine | Pyrrole | Quater- | Quater- | Pyridine NO,
[% by N N N nary N nary N | (oxidized) | [mol%]
weight] [mol%) [mol [mol%%] [mol%] | [mol%] N*-0
%] [mol%]
Ex. 1 7 48.72 0 2421 10.07 9.71 4.92 2.36
Ex.2 10 39.66 0 6.5 40.54 4.05 6.67 2.58

For this purpose, a superposition of the individual measured values characterizing the

nitrogen species was assumed, with the resulting proportions being fitted

mathematically to the measured spectrum. For the purposes of illustration, this is




1 2.36 Ex. 2 10 39.66 0 6.5 40.54 4.05 6.67 2.58 For this purpose,
a superposition of the individual neasuré8i-val ues characterizing the
25ni trogen species was assunmed, with the resulting proportions being
fitted mathematically to the nmeasured spectrum For the purposes of
i1 ustrationghdhsn fig. 1 for # meSDRAM pbdrint Of thé ritesgeh R pEEaFYELHanotubes as
spectrum of the nitrogen-doped carbon nanotubes as per exanple 1 used
accordi ng t o pehexammle hupashaceording to the invention.

10

15

20

25

30

It can be seen from comparison of the nitrogen-doped carbon nanotubes as per
example 1 used according to the invention with the noninventive nitrogen-doped
carbon nanotubes as per example 2 that although the proportion of nitrogen in the
nitrogen-doped carbon nanotubes as per example 2 is higher than in the case of the
nitrogen-doped carbon nanotubes as per example 1, the molar proportion of the
pyridinic nitrogen species in the nitrogen-doped carbon nanotubes as per example 1
is greater than that in the nitrogen-doped carbon nanotubes as per example 2. The

converse in turn applies to the proportions of the quaternary nitrogen.

Example 5: transmission electron microscopic (TEM) examination of the

catalysts as per example 1, example 2 and example 3

The catalysts obtained as described in examples 1 to 3 were subsequently optically
examined for their loading with platinum under a transmission electron microscope

(TEM,; Philips TECNALI 20, with 200 kV acceleration voltage).

The catalysts according to the invention as per example 1 are shown in fig. 2 and 3. It
can be scen that the nitrogen-doped carbon nanotubes are loaded with platinum
particles having a size of from about 2 to 5 nm finely dispersed on the surface of the
nanotubes. The loading of the nitrogen-doped carbon nanotubes with platinum is
about 50% by weight of platinum, based on the total mass of the catalyst according

to the invention.

In contrast to fig. 2 and 3 showing the catalyst according to the invention, fig. 4 and
5 relating to the first catalyst which is not according to the invention show that a fine
dispersion of platinum particles on the surface of the nitrogen-doped carbon

nanotubes has not occurred here.

The platinum particles are predominantly larger than 10 nm and some of them are

also present as agglomerates whose size exceeds even the diameter of the nitrogen-



It can be seen from conpari son of the nitrogen-doped carbon nanot ubes
as per 5 exanple 1 used according to thelPavention with the

noni nventi ve nitrogen-doped carbon nanotubes as per exanple 2 that

al t hough the proportion of nitrogen in the nitrogen-doped carbon

nanot ubes as Jagéd @¥AIA! WindtubSs. NAERRIinEIRa BNy tHeNBiffedS® REpdrien of pyridinic
ni t rogen- doped carbon nanot ubes as per exanple 1, the nolar

proportion ofnitregenpy thenifogemilepedgarbospwopbes appeirs taibe cotjed -t dipedesired

car bon nanot Sy er 1.10is.greater.than that i.n the
it ogen: dopde iR of A8 ARIAE of alk Bl SAE hidoho cbb@l Aol foppbes
turn applies to the proportions of the quaternary nitrogen. Exanple
5: transm. ssion electron mcroscopic (TEM exam nation of the
cat al yst sSas Thés assemppion 18, fugheprrropteddty Eeargshks 31 1the Theasergment of she
obt ai ned as ' ' I subsequently optically
exam ned for %gﬁa@fsksbﬁ%g)g%l%\am hﬂgﬁséfi%e%tl}?nwﬁﬁlégg’g transm ssi on
el ectron mcroscope (TEM Philips TECNAI 20, with 200 kV accel eration
vol tage). 20The catalysts accqrding to the invention as per exanple 1
are shown in e resulipdnake iticleag thp thee Brpcessal thee YRty &- PROgRENE the
car bon nanot r it 1 i I ;S
from about 2‘&?%5@%% @?ﬁgf%t‘%s‘glg% qel%é gﬁéﬁt E%ﬁé%sgfa %@eﬁg%lésgjﬁg? i eﬁﬁmﬁfe !
nanot ubed0 Thken beasliried cof witheutniubsayent- filogadalizativa o tienctrbdesanstities and
pl ati numis ahqut 50% b i,ght of platjnum based on the total nmass
of the catal y¥t oyt 25 H%%aiﬂ%?le‘% S lp%ﬁl}etﬁnna@aﬁfma £ BiIF the uze of
and 3 show n@.{g AbRIbYS tviheaOh HifdGkenOcdntit 'aﬂHQHEPa%ulzfr' Withdht 3 Hitdgen
relating to the first catalyst which is not according to the
i nventi on sheantehiin the fipmeotpwpinicispecies dgesaiot harhtp et dasired high dikgersion
surface of th? ni trogen-d%)ed gar b%n 30 aglotubes has not occurred
her e .19 O metal naoparticlés on the carbon nanotubes.
15
The noninventive commercial carbon nanotubes used remain largely not covered and

the platinum is present predominantly in the form of agglomerates.



.doped carbon nanot ubes. Accordingly, onlg the different proportion of
pyridinic nitrogen in the nitrogen-doped Bar bon nanot ubes appears to
be critical to the desired fine dispersion of the netal on the
surface of the nitrogen-doped carbon nanotubes. 5 This assunption is
further suppdilhieas by the results of the measurenment of the catal ysts
as per exanple 3. These are shown in fig. 6. These results nmake it
clear that the process of the invention for producing the catal ysts

of the invention [ rpf‘ﬂ%”ln NON
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noni nventi ve commeéreiag paticlscizoiaribe tinge fised to dfrainn ategrregehtyom tte surface
covered and the platinumis presen redaomi n in the form of

aggl onerates. - ?Sgher&{p%%&f? cﬁrbpgpﬂ&%eéiﬁﬁ%{ﬂg ni t r ogen- doped
car bon nanot ubes (NCNTs) having a proportion of at |east 0.5% by

wei ght of nitrogen of which at |least 40 nol % is present as pyridinic

ni trogenl®n £he nifhecgtahystiepekined boplamad o thyastetigeiiin thathe pspperiewm af
2 to 60% by wei ght _of. met.al n r{.igl esp,having an average particle
size in the rangeﬁj?ﬁglr%l ! 8g%8%?n%3§rté%p1§% &nt on the surface of the

ni trogen- doped carbon nanotubes (NCNTs). The catalyst as clainmed in
claim1, characterized in that the proportion of pyridinic nitrogen

is at |east 50 nollo Aty fealgimed 8 g deer Lncharasterizedyin ghat the metal
characterized in 3 } i ' f - .
selected fromt hekgﬁégﬁ%@gﬁ ? ﬁ?%%gélgﬁ@ W‘{}% %%Slg@rﬁ !)fclff’ N,
Mh, M, My, A, SiCu,X¥,V,ITx SRUCo,RVIn, Mg, Ma) ALFRI, ZRITi, Ru,, Pt.Tag, Aln, PAZRh, Ir,
and Cd. The cat al y[st S clﬁglggd in claim3, characterized in that the
metal is platinum @PN?’I’. ¥ talyst as claimed in any of the

precedi ng clainms, characterized in that the netal nanoparticles have
an average particle size in the range from2 to 5 mm

4, The catalyst as claimed in claim 3, characterized in that the metal is
platinum (Pt).
20
5. The catalyst as claimed in any of the preceding claims, characterized in that

the metal nanoparticles have an average particle size in the range from 2 to

5 nm.

25 6. A process for producing nitrogen-doped carbon nanotubes (NCNTSs) having
metal nanoparticles present on their surface, characterized in that it

comprises at least the steps:

a) introduction of nitrogen-doped carbon nanotubes (NCNTSs) having a
30 proportion of at least 0.5% by weight of nitrogen of which at least
40 mol% is pyridinic nitrogen into a solution (A) comprising a metal

salt,



- A process for producing nitrogen-doped carbon nanot ubes (NCNTSs)

havi ng netal nanoparticles present on théir surface, characterized in
that it conprises at |east the steps: a) introduction of

ni t rogen- doped carbon nanot ubes (NCNTs) having a proportion of at

| east 0.5% by wei ¢ht reductivh radge mdtalwdilcth e dobdtion @0 11D presence of the
pyridinic nitrogen into a solution (A conprisi n% a netal salt, -21
-"b) reduction of thditegeardopsd casban praotubes @ ENTpapPiionallyavigh additien of

of the nitrogen- dope% &%&@&@rmgﬁgggﬁﬁ{@%s) , optionally with

addition of a chemc reduci ng a , and 5c) separation of the
ni t rogen- doped carbon nanot ubes (NCNTs) now | oaded wi th netal

nanoparticles fromthe solutio A). 7. The process as clained in
claim 6, ¢haractef zéﬂpqrﬂt“i%%ﬁtﬂﬁMS%HQWWBW%%&WHE&HOW loaded

(NCNTs) have a nitroggm 2Rl fHophtticldd $ronfR&ofuiBA(R).5% 10by wei ght to
18% by wei ght. 8. The process ag claimed 1n claim6 or 7,

characterized in that the nitrogen-doped carbon nanot ubes (NCNTs)
have a proportion. of ridinic.nitrogen of | east 5Q nmpl % .15 9.
The provess do. of APFaORsEs 4y Meg i3, EmS 6; gharacienized dp ot irihinihasd
the chemi cal redu‘éhﬂ%n%ﬁﬁ&hbfs%@ﬁ% ReSPAY8BEn 8dntéMi8n IR HhbO Frolrf™.5%

are at least partly identical. 20 10. The use of nitrogen-doped carbon
nanot ube$0 ( NCNTs) byandighy ta 1 Btedpyoreiglin of at | east 0.5% by wei ght of
nitrogen of which at |east 40 nmol %is pyridinic nitrogen and on which
from2 to 60% by wei ght of the netal nanoparticles having a particle
size of fromgl toThe pisecas 8s PlaRs®Nin ASnt 8|7y SheraeteriZe is YhiGe ndfogen-

t he nitrogen-doped carbon nanot ubes (NCNTS).
doped carbon nanotubes (NCNTs) have a proportion of pyridinic nitrogen of
at least 50 mol%.
15
9. The process as claimed in any of claims 6 to 8, characterized in that the
chemical reducing agent (R) and the solvent of the solution (A) are at least

partly identical.

20 10.  The use of nitrogen-doped carbon nanotubes (NCNTs) having a proportion of
at least 0.5% by weight of nitrogen of which at least 40 mol% is pyridinic
nitrogen and on which from 2 to 60% by weight of the metal nanoparticles
having a particle size of from 1 to 10 nm are present as catalysts on the

surface of the nitrogen-doped carbon nanotubes (NCNTSs).



